Oxygen fugacity (f O 2 ) is a fundamental variable affecting phase equilibrium in magmas, and in externally heated pressure vessel experiments it is typically controlled by using redox buffer assemblages. However, these do not allow fine enough resolution; for example, most arc magmas fall between the f O 2 imposed by the neighboring Ni-NiO and Re-ReO 2 buffers and so does the transition of S 2− to S 6+ in magmas. Here we propose a new method to quantitatively impose f O 2 in hydrous high-P -T experiments in molybdenum hafnium carbide (MHC) pressure vessels by admixing small amounts of hydrogen into the Ar pressure medium. The thermodynamic calculation procedure used to determine the initial amount of hydrogen to be loaded to constrain desired f O 2 values was verified by CoPd alloy redox sensor experiments to be accurate within ±0.3 log units for the pressure (P ) -temperature (T ) range of 940-2060 bar and 800-1100 • C. As hydrogen can be slowly lost from the pressure medium due to diffusion through the vessel walls at high T , we also determined the hydrogen permeability of the MHC alloy as a function of T . The such-obtained hydrogen permeability equation for the MHC alloy can be used to determine the rate of f O 2 increase for any MHC pressure vessel configuration. As the rate of f O 2 increase is slow (e.g., 0.36 log units per day in our setup at T = 1000 • C), we propose that H 2 addition to the Ar pressure medium is an effective way to accurately impose f O 2 in many types of experiments conducted in MHC vessels allowing experimentation up to T = 1200 • C and P = 300 MPa.
Introduction
High-pressure-temperature experiments have greatly contributed to our present understanding of physical-chemical processes in the Earth's interior. Replicating natural systems precisely has always been a necessity and a challenge. Muan and Osborn (1956) , Muan (1958) , and Osborn (1959) pointed out the effect of oxygen fugacity (f O 2 ) on the natural course of crystallization and residual liquid compositions in multicomponent oxide melts and iron-bearing mafic magmas. This is a consequence of the fact that the Fe 2+ / Fe 3+ ratio in the melt and mineral phases is a function of f O 2 Canil and O'Neill, 1996; Carmichael and Nicholls, 1967; Cottrell and Kelley, 2011; Gaillard et al., 2001; Kilinc et al., 1983; Kress and Carmichael, 1991; Luth et al., 1990; Wilke and Behrens, 1999) . Later studies have further elaborated on the role of oxygen fugacity during magma evolution (e.g., Sisson and Grove, 1993; Berndt et al., 2005; Feig et al., 2010) . For example, the influence of oxygen fugacity on liquid lines of descent in wet magmas and the speciation of redox-sensitive volatile elements is well established (Berndt et al., 2005; Mavrogenes and O'Neill, 1999; Scaillet and Evans, 1999; Scaillet and Macdonald, 2006; Scaillet and Pichavant, 2004; Sisson et al., 2005; Sisson and Grove, 1993) . The composition and stability of crystallizing phases itself also depends on the f O 2 in the system (Di Carlo et al., 2006; Mc-Canta et al., 2004; Mysen, 2006; Pichavant et al., 2002; Snyder and Carmichael, 1992) . Others specifically delineated the considerable influence of f O 2 on the stability of Fe-Ti oxides in ferro-basaltic compositions (Berndt et al., 2005; Botcharnikov et al., 2008; Hammer, 2006; e.g., Snyder et al., 1993; Thy and Lofgren, 1994; Toplis and Carroll, 1995) . Thus, precise control of f O 2 is required in high-P -T ex-periments to study phase equilibria relevant for the targeted natural systems.
Another important heterovalent element in magmas is sulfur, which changes its oxidation state from S 2− to S 6+ in a narrow range of oxygen fugacity (f O 2 ) conditions that falls within the range characteristic for arc magmas (Lee et al., 2005 (Lee et al., , 2010 (Lee et al., , 2012 Kelley and Cottrell, 2009; Jugo et al., 2010; Klimm et al., 2012a, b; Brounce et al., 2014) . As sulfur may be an important player in modulating the redox state of magmas and also drastically changes its geochemical behavior as a function of its valence state (e.g., fluid/melt partitioning, speciation in the fluid and melt phases, sulfide vs. anhydrite saturation; Jugo et al., 2010; Zajacz et al., 2012b) , precise and flexible f O 2 control is particularly important in S-bearing experiments.
In hydrous experimental runs, oxygen fugacity is imposed by regulating f H 2 which in turn controls f O 2 through the decomposition reaction of H 2 O. Hydrogen diffuses through the capsule walls until the chemical potential of hydrogen inside and outside of the capsule becomes equal (Scaillet et al., 1992) . To constrain the f H 2 outside the capsule walls at elevated P -T , three methods are currently being employed:
1. The double capsule technique with redox buffer. Traditionally, solid assemblages which buffer f O 2 and thus also f H 2 in the presence of H 2 O are used as redox buffers for the experimental charges (Eugster and Wones, 1962) . However, with this method, f O 2 cannot be varied in a continuous and flexible manner. For example, no applicable buffer exists to cover the f O 2 range falling between those imposed by the Ni-NiO and Re-ReO 2 buffer, within which most arc magmas fall (Métrich et al., 2009; Kelley and Cottrell, 2009; Jugo et al., 2010; Jégo et al., 2010; Klimm et al., 2012a, b) . In addition, the lifetime of solid buffers is limited and often not long enough to allow the attainment of equilibrium in high-temperature experiments.
2. Shaw membrane. Devised by Shaw (1963) and modified by other workers (Gunter et al., 1979; Scaillet et al., 1992) , the Shaw membrane is the most effective technique for measurement and control of hydrogen fugacity in pressure vessels using noble gas pressure medium. Internally heated pressure vessels (IHPVs) equipped with Shaw membranes are frequently employed to conduct experiments at crustal pressures and magmatic temperatures (Berndt et al., 2002; Botcharnikov et al., 2005; Gaillard et al., 2001; Martel et al., 1999; Scaillet and Evans, 1999; Scaillet and Macdonald, 2006; Scaillet and Pichavant, 2004; Schmidt et al., 1997) . Such IH-PVs are, however, difficult to maintain, consume large amounts of argon and are not widely available. Shaw membranes in cold-seal pressure vessels (CSPVs) require major design changes to the vessel and the furnace, prevent rapid quenching in conventional vessel designs, and have so far not found widespread application in the field (Schmidt et al., 1995) .
3. The use of gas mixtures in pressure vessels. Hydrogen or methane gas is mixed into the Ar pressure medium to impose the desired f H 2 in the experiment (Berndt et al., 2005; Botcharnikov et al., 2005; Cottrell et al., 1999; Gaetani and Grove, 1997; Moore and Carmichael, 1998; Pichavant et al., 2014; Zajacz et al., 2010 Zajacz et al., , 2011 Zajacz et al., , 2012a . The major drawback of this method is that hydrogen can diffuse through the wall of the externally heated pressure vessel, resulting in progressively decreasing f H 2 , and thus increasing f O 2 during the experiment (Shea and Hammer, 2013) . In addition, the estimation of the f H 2 at run conditions based on the initially loaded H 2 : Ar ratio is not straightforward and needs to be verified by redox sensor experiments.
Currently, cold-seal pressure vessels made of Mo-rich alloys, such as titanium zirconium molybdenum (TZM) and molybdenum hafnium carbide (MHC), are becoming increasingly popular in the field of experimental petrology as they can reach much higher temperatures than the conventional Ni-superalloy vessels (e.g., Rene41, Nimonic 105, Inconel 917) (Williams, 1968) . Also, in comparison to IHPV, MHC or TZM cold-seal pressure vessels are more readily available, easier to set up and maintain, and also allow for more flexible quenching-heating cycles, which is advantageous for diffusion experiments and experiments using synthetic fluid inclusions to trap high-temperature fluids in solubility and partitioning studies (Lierenfeld et al., 2018; Tripoli et al., 2015; Yin and Zajacz, 2018; e.g., Zajacz et al., 2010 e.g., Zajacz et al., , 2011 . Hence, establishing a methodology to effectively control f O 2 in molybdenum hafnium carbide pressure vessels could greatly enhance our capability to experimentally study upper crustal magmatic systems. Shea and Hammer (2013) measured the f O 2 in TZM cold-seal pressure vessels with and without the addition of methane to the pressure medium using CoPd-alloy redox sensors. They proposed that the f O 2 in hydrous experiments increases by 3 log units in 48 h at T = 1010 • C imposing a significant limitation to the applicability of the technique. However, this study did not propose a methodology to estimate the amount of H 2 or CH 4 to be loaded into the pressure vessel to impose target f O 2 values. In addition, the experiments were conducted using a filler rod in the pressure vessel, which effectively reduces the mass of H 2 introduced into the Ar pressure medium. This may significantly impact rate of f O 2 increase observed in these experiments.
In this study, we present systematic set of experiments to address how precisely f H 2 can be controlled in MHC pressure vessel experiments. We present and verify a methodology that allows admixing the right amount of H 2 to the Ar pressure medium to achieve the desired f H 2 and thus f O 2 at run conditions. In addition, we precisely constrain the hydrogen permeability of the MHC alloy so that the rate of H 2 loss from the pressure medium and thus the f O 2 increase within hydrous capsule loads can be estimated for any type of MHC pressure vessel assembly if the dimensions and thus the inner pressurized volume of the vessel assembly and the temperature profile along the entire vessel length are known.
Methods

Experimental strategy
We first conducted low-pressure experiments to constrain the hydrogen permeability of the MHC alloy. Hydrogen gas was loaded into the pressure vessel at ∼ 8 bar of initial pressure. The vessel was then heated to various temperatures (900, 1000, 1100 • C), and the drop of H 2 pressure was monitored for several days to constrain the rate of H 2 loss. Subsequently, we conducted three time series high-pressure experiments with H 2 admixed into the Ar pressure medium at T = 900, 1000 and 1100 • C, in which the variation of f H 2 and f O 2 was monitored using CoPd-alloy redox sensors. By using the results of these experiments, we first determined how accurately the measured initial f O 2 values corresponded to those calculated based on thermodynamic predictions of the starting f O 2 . Subsequently, we checked if the rate of f O 2 change in the high-pressure experiments corresponded to that predicted by using the hydrogen permeability of the MHC alloy obtained from the low-pressure experiments. To make the test of the success of initial f O 2 estimation more rigorous, we conducted an additional set of high-pressure experiments with redox sensors at randomly selected P -T -f O 2 conditions.
Experimental apparatus
All experiments were conducted in rapid-quench MHC coldseal pressure vessel assemblies located in the Magmatic and Ore-Forming Processes Research Laboratory at the University of Toronto. The MHC vessels used in this study were manufactured by Plansee USA Inc. The length of the vessels is 305 mm and their external diameter is 24.9 mm, whereas the inner drill is 279 mm long and 6.35 mm in diameter. This vessel is joined with a cold stainless-steel (A286) extension using a water-cooled Al-Ni bronze double cone coupling. The steel extension is 381 mm long and has 25.4 and 6.35 mm outer and inner diameters, respectively. The total length of the 6.35 mm diameter drill from the far end of the steel vessel to the hot end of the MHC vessel is 685 mm yielding an inner pressurized volume of 2.15×10 −5 m 3 . The MHC vessel is encased into an Inconel 600 alloy sheath to protect it from oxidation, which is directly screwed into the water-cooled coupling between the MHC and steel vessels. High-temperature RTV red gasket maker applied to all threads plus additional Viton O-ring pressed under the cold termination of the Inconel sheath ensured that neither air nor cooling water could enter the tight volume between the vessel and the sheath.
The vessel assemblies were heated by in-house-built resistance furnaces with temperature stability better than 1 • C, which were suspended on a rotating axis alongside with the vessels. The vessel assemblies were run in subhorizontal orientation tilted 10 • with the hot end of the vessels pointing upwards to avoid the convection of the pressure medium. Consequently, no filler rod had to be used. The temperature profile inside the vessels, measured using a long moveable internal thermocouple at atmospheric pressure, was calibrated against an external thermocouple fixed to the outside surface of the vessel. The consistency of T measurements at ambient P and 200 MPa was confirmed to be within ±5 • C by measuring the T at the hot spot and 2.5 cm from it using brazed internal thermocouples at T = 1000 • C. All thermocouples used in this study are Super Omegaclad XL Ni-Cr alloy sheathed, ungrounded, factory-calibrated K-type thermocouples with a typical precision and accuracy of ±3 • C in the temperature range of this study. The pressure of hydrogen upon vessel loading and during the low-pressure experiments was monitored using a factory-calibrated digital pressure transducer with a range of 0-20.68 bar and ±0.25 % full-scale error. A process reader enabled with RS 232 serial digital connection relayed the pressure values in regular intervals to a hyperTerminal software. During the highpressure experiments, pressure was monitored using factorycalibrated pressure transducers in which all wetted parts were made of Hastelloy alloy to avoid hydrogen embrittlement.
Experimental methods
For the low-pressure experiments, the MHC pressure vessel was loaded with ∼ 8.25 bar of pure hydrogen (99.999 % H 2 ) and heated to three different temperatures: 900, 1000 and 1100 • C at ambient pressure conditions. Upon loading the H 2 into the vessel, first the pressure lines were flushed with H 2 and then the vessel itself was flushed by at least eight cycles of pressurizing it to ∼ 20 bar with H 2 and decompressing it to 1 bar by venting the H 2 . In the last cycle, the decompression step proceeded only to the desired 8.25 bar of starting pressure. This way we ascertained that the vessel contained only high-purity H 2 without air or Ar contamination. The vessel was subsequently heated to the desired run temperature and held there for 2-5 d. The variation in the H 2 pressure inside the vessel was automatically recorded with 6 min sampling interval.
For the high-pressure experiments, the vessel was first pressurized with hydrogen using the same procedure as for the low-pressure experiments. Subsequently, the vessel was isolated with a needle valve, the pressure lines were flushed and pressurized with 99.999 % purity Ar and then opened to the vessel, which in turn was loaded with Ar to the starting pressure that was required to reach the 2000 bar target pressure (∼ 1250 bar). This starting pressure was experimentally constrained beforehand. A uni-directional check valve between the high-pressure pump and the vessel prevented any backflow of gas during the pumping cycles. To make this approach work, one must be able to estimate how much H 2 to load at the beginning of the experiment to ensure the achievement of the desired f H 2 and thus f O 2 at run conditions. To calculate the initial H 2 pressure to be loaded, we used the following procedure:
1. Calculate the desired f H 2 at run conditions within the experimental capsule based on the anticipated water activity, total confining pressure and the equilibrium constant of the water decomposition reaction at the specific T . Fugacity and activity coefficients were constrained using the software of Churakov and Gottschalk (2003) , whereas the equilibrium constant of the water decomposition reaction was calculated using thermochemical data from the NIST-JANAF thermochemical database (Chase, 1998) .
2. Calculate what mole fraction of H 2 is required to be present in the Ar-H 2 pressure medium to yield the desired f H 2 at run conditions (calculated in step 1). The software of Churakov and Gottschalk (2003) was used for this purpose as well.
3. Calculate the desired H 2 pressure to be loaded at ambient temperature based on the mole fractions of H 2 and Ar calculated in step 2 and the known target total pressure to be achieved at ambient T . Note that the mole fraction of the gases is conservative and will not change during heating. They can only be influenced by diffusive mass transfer of H 2 through the vessel walls if the pressure seals are tight. As Argon is strongly non-ideal at the pressures required during the initial load, the density of the gases at ambient T were calculated using their respective equations of state by using the web application provided by NIST (https://webbook.nist.gov/chemistry/ fluid/, last access: 25 September 2018).
To determine the f H 2 in the vessel and f O 2 in the capsule at a H 2 O = 1 at run conditions, we used Co-Pd binary alloy redox sensor experiments relying on the calibration by Taylor et al. (1992) . The principle of the technique is that a CoPd alloy is placed in contact with pure water and, during the experiment, the Co component of the alloy reacts with the water in the capsule to form CoO according to the following equation:
This reaction proceeds until the activity of Co in the CoPd alloy decreases to the level required by the equilibrium constant of reaction (1) and the imposed f H 2 and f H 2 O. For these experiments, Co and Pd powder in 60 wt % Co and 40 wt % Pd proportion was thoroughly mixed in an agate mortar under ethanol to obtain a fine homogenous material. The resulting mixture was dried under infrared light and pressed using a custom-built stainless-steel press into 10-20 mg disk-shaped pellets, approximately 2 mm in diameter and 1.6 mm thick. The pellets were loaded into Pt or Ag 70 Pd 30 capsules (5 mm in diameter) along with Al(OH) 3 and TiO 2 powder. The Al(OH) 3 acted as the source of water as it breaks down to Al 2 O 3 and H 2 O at elevated T . The amount of added Al(OH) 3 was calculated to be more than the amount required to generate enough H 2 O to oxidize all Co loaded into the capsule. This way we ensured that the reaction can proceed as far as the imposed f H 2 drives it and the activity of water remains 1. Hence, the capsules were loaded with Al(OH) 3 in an amount enough to provide ∼ 5 mg excess water over the required amount to oxidize all loaded Co in the pellet. TiO 2 was used as packing material to prevent physical contact between the pellet and the capsule walls to avoid contamination of the CoPd alloy with Pt or Ag during the experiment. A drawing of the typical capsule load is shown of Fig. 1 . The physical integrity of the capsule after welding was ensured by placing it into acetone for an hour and then checking for weight gain.
After pressurizing the vessel with the above-described procedure, the vessels were heated to the desired run temperature in 50 min and held there for various durations, typically 6, 24 and 48 h. At the end of the experiment, the vesselfurnace assembly was rotated to vertical position so that the capsule dropped into the cold-steel extension and quenched to ambient T within seconds. The capsules were then extracted and weighed to check for weight loss due to potential leakage of water. Capsules showing weight loss more than expected due to hydrogen diffusion out of the capsule were discarded. The others were pierced in one corner, heated to 130 • C for 30 min and reweighed again to confirm that free water was present in the capsule. Afterwards, they were cut open, and the run product CoPd-CoO pellet was extracted, vacuum impregnated, and mounted in epoxy and polished. Note that the starting Co 60 Pd 40 alloy compositions corresponded to about 0.5 log unit lower f O 2 than the target f O 2 of the experiments ensuring that Eq. (1) proceeded to the right during all experiments, as evidenced by the presence of CoO in the run products.
Analytical techniques
The composition of the run products was determined by using a JEOL JXA8230 5-WDS electron microprobe at the Department of Earth Sciences, University of Toronto. The composition of the CoPd alloy blebs and the interstitial CoO was determined using 15 kV accelerating voltage, 20 nA sample current and 1 µm beam diameter. The alloy and oxide phases were additionally analyzed for Al, Ti, Pt and Ag to make sure that the pellet was not contaminated during the experiment. Elemental standards were used for Al, Ti, Pt, Co and Pd. Synthetic alloy of Au 80 Ag 20 was used as a standard for Ag analysis. An interference correction was used to eliminate the contribution of the Pd Lα peak to the Ag Lα peak. 3 Results
Low-pressure experiments
The drop in hydrogen pressures as a function of time due to hydrogen loss through permeation at three different temperatures is shown in the Fig. 2 and can be well described using a second-order polynomial function.
The amount of hydrogen in the vessel at the start of the experiment was calculated by using the internal volume of the vessel and the density of H 2 at its loading pressure using the equation of state for H 2 from the NIST Thermochemical Properties of Fluid database based on the data of Leachman et al. (2009) . At ambient T and within the P range of our low-P experiments, hydrogen almost completely obeys the ideal gas law. At high T , we still assumed that the H 2 pressure is linearly proportional to the number of moles of H 2 inside the vessel as the total pressure was always very low (< 10.19 bar). The measured time versus H 2 amount data were fitted with a second-order polynomial functions using OriginLab Pro software. The fitted polynomial functions were differentiated with respect to time to obtain the flux through the vessel at different temperatures (Fig. 3) .
To allow meaningful data interpretation, we had to make sure that pseudo-steady-state conditions are attained despite the slowly changing hydrogen pressure inside the vessel. Once a hydrogen pressure is established on one side of the membrane, there is a transitional non-steady-state period until an equilibrium linear distribution of hydrogen concentration is established within the membrane material between the two sides of the membrane. The time required to attain this will depend on the solubility and diffusivity of hydrogen in Figure 4 . Observation of H 2 pressure loss with time at 1000 • C. It can be noted from the figure that, after vacuuming, the internal pressure rose from 0.07 to 0.34 bar in almost 2 h, which is negligible compared to the total drop of internal pressure during experimental runs. Hence proving the establishment of pseudo-steady-state conditions.
the membrane material. As the vessel is not made of pure Mo, we conducted an additional experiment to prove this point. We first thermally equilibrated the vessel at T = 1000 • C, and then introduced some H 2 and monitored how the H 2 pressure in the vessel varies immediately after introduction (Fig. 4 ). There was a transient, about 0.5 h long period, when the pressure fell faster than during the subsequent 25 h long period, in which it followed the usual second-order polynomial path. At time zero, the deviation from the Y intercept of the polynomial fit to the 0.5-25 h period is only about 0.1 bar, suggesting that this is the amount of H 2 that is required to saturate the vessel walls, and pseudo-steady-state conditions are attained after about 0.5 h. Subsequently, after 25.5 h, we removed nearly all H 2 from the vessel using a vacuum pump and then isolated the vessel again and observed if there is any significant amount of hydrogen diffusing back in the internal gas volume from the vessel material. While there was about 7.3 bar of H 2 in the vessel before vacuuming to 0.07 bar, afterwards the internal pressure rose only from 0.07 to 0.3 bar in about 1 h. As about half of the hydrogen dissolved in the vessel walls would diffuse back into the internal volume after vacuuming, the observed minor pressure increase further supports our assumption above that the amount of hydrogen dissolved in the vessel wall is very small relative to that present in the internal gas volume of the vessel, and that the equilibration between the vessel and the H 2 in the internal gas volume is very fast relative to the typical experimental timescales (on the order of days). This would suggest that our experiments can be considered as a continuous series of short experiments in pseudo-steady state. Villet and Gavalas (2007) stated that the steady-state equation for permeation of gases also works for pseudo-steadystate conditions. Hence, according to Chou (1986) , the flux of hydrogen through metals as a function of f H 2 at steady state is given as
where dm/dt is the permeation rate of hydrogen in moles m −2 s, k is the permeability constant in moles m −1 s bar −1/2 , r e is the outer radii of vessel in meters, r i is the inner radii of the vessel in meters, l is the length of the vessel in meters, and f in H 2 and f ext H 2 are the hydrogen fugacities inside and outside the vessel in bar, respectively.
The above equation is based on Fick's first law and on Sievert's law, which assume that diatomic molecules break down to atoms when they permeate through metals (Gupta, 2006; Sieverts, 1929) . This latter assumption gives rise to the exponent of 0.5 on the f H 2 values in the formula instead of using an exponent of 1 as Fick's first law would require if hydrogen diffused in its molecular form. However, the permeability constant derived by using Eq. (2) varied significantly with time and H 2 pressure gradient between the inside and outside of the vessel. Therefore, we tested if the time dependence disappears if we eliminate the square root function from the nominator; i.e., we assume that hydrogen diffuses through the MHC alloy dominantly in its molecular form (Fig. 3) . Accordingly, the following equation was used to calculate the permeability constant of the MHC alloy.
The such-derived permeability constants are nearly independent of time and thus H 2 pressure gradient.
The permeability constant of metals is known to vary as a function of temperature as,
where A and B are constants and T is the temperature of the metal in kelvin (Chou, 1986; Harvie et al., 1980) . Therefore, the time versus f H 2 functions taken at different temperatures can be used to constrain parameters A and B. One complication is that the temperature distribution along the length of the vessel is not homogeneous. Therefore, we integrated Eq. (3) along the length of the vessel based on the experimentally determined temperature profile for the vessel for each nominal temperature (i.e., T in the hot spot). To simplify the integration of the H flux numerically, the vessel was divided into 20 cylindrical sections spaced more densely at higher T , each with a different T assigned based on the measured temperature profiles. The flux calculated through each section was summed to obtain the total flux through the vessel. The T variance of k was accounted for using Eq. (1). The values of parameters A and B were then optimized using MATLAB to yield a minimum error on the sum of the second powers of the differences between the modeled and observed total hydrogen fluxes at the three different temperatures at which the low-P experiments were conducted. The optimized values of A and B are as follows: A = −6.598; B = −4032. The hydrogen flux predicted using the suchdetermined A and B (and thus k) for the three different temperatures are compared to the measured values in Fig. 5 . It is apparent that the permeability constants calculated using the above A and B parameters predict the observed fluxes within 0.35 % mean relative error.
Redox sensor experiments
The run products consist of CoPd alloy blebs in a CoO matrix (Fig. 6) . The size and distribution of the oxide grains depended on the experimental conditions. The pellet was surrounded by a rim of Co spinel that was formed by the reaction between CoO and the matrix TiO 2 and Al 2 O 3 (the latter was generated by the thermal breakdown of Al(OH) 3 ). However, the abundant presence of pure CoO as a matrix to the CoPd alloy blebs demonstrated that the activity of CoO effectively remained 1 despite the reaction corona forming around the disk. The Co concentration in the residual CoPd alloy blebs is a measure of the f O 2 inside the capsule, and thus also the f H 2 in the capsule and the vessel as discussed in detail in the methods section. The measured composition of the CoPd alloy blebs from each experiment is reported in Table 1 . The alloy blebs did not show significant core to rim zonation in composition (i.e., typically < 0.01 difference in X Co between core and rim), and blebs measured in various parts of the disks had consistent compositions indicating near-equilibrium conditions.
The f O 2 values calculated for the time series experiments using the calibration of Taylor et al. (1992) are shown in Fig. 7 . The time zero intercepts are at 0.2-0.3 log unit higher f O 2 than the predicted initial f O 2 value at all three tem- peratures, whereas the apparent rate of f O 2 increase is 0.43, 0.36 and 0.82 log units per day at 900, 1000 and 1100 • C, respectively (Fig. 7) .
Discussion
Hydrogen permeation through the MHC alloy
One may question if and why hydrogen diffuses dominantly in its molecular form through the MHC alloy while it is known to diffuse through the lattice of metals in atomic form. One alternative explanation for the different functional shape of the time vs. f H 2 curve would be that hydrogen was lost by leaking through one of the pressure seals. The arguments rejecting this hypothesis are the following: (1) before each experiment, we tested the integrity of the pressure seals by confirming the constancy of hydrogen pressures for several hours of duration before heating up the vessel. (2) All the pressure seals in the vessel assembly are at ambient T always. Thus, if hydrogen was lost by leaking, its rate of loss would not be a function of the T of the hot end of the vessel.
(3) It is very unlikely that the hydrogen permeability constant would not only vary with T , but also follow the expected Arrhenius relationship with T if the process of hydrogen loss was not permeation through the hot MHC alloy. Therefore, we are confident in our conclusion that hydrogen permeates through the MHC alloy dominantly in its molecular form. One possible explanation for this is the typically granular structure of this alloy produced by powder metallurgy (Raffo, 1969; Raffo and Klopp, 1967; Pöhl et al., 2013) . It is possible that hydrogen molecules can diffuse at the grain boundaries. This would, however, imply that the hydrogen permeability of the alloy must be much higher than that resulting from lattice diffusion of hydrogen atoms through pure Mo (note that the composition of MHC alloy is ≈ 99% wt % Mo and ≈ 1 wt % of HfC). Indeed, we compared the rate of hydrogen loss predicted by using permeability constants for pure Mo from the literature to the observed one (Steward, 1983) . The results show that only 0.89 % of the measured flux can be attributed to bulk diffusion through Mo at 1000 • C. This is consistent with our proposition that hydrogen permeation through the MHC alloy is dominantly controlled by grain boundary processes. If so, one may question if the aging of the vessel and potential recrystallization of the alloy changes its hydrogen permeability. To test this, we conducted low-P hydrogen loss experiment with the same vessel at the same temperature with 14 months of time difference. Within the 14-month period, this specific vessel has seen about 2000 h of run time at temperatures between 900 and 1100 • C. As shown in Fig. 8 , the rate of hydrogen loss changed negligibly over the 14-month period.
One may also question if the manufacturing process of the vessel affects its hydrogen permeability. One indication showing that this is not the case is that the rate of f O 2 increase at T = 1000 • C reported by Zajacz et al. (2010) as determined on MHC and TZM vessels produced by the same company, but in different batches, is consistent with those reported in this study. Therefore, we suggest that as long as the vessels are not exposed to extreme temperatures or allowed to alloy with other materials (e.g., by accidental contact with the enclosing Inconel sheath), the hydrogen permeability values determined here remain applicable to MHC alloy and likely also TZM alloy (note this latter is also ∼ 99 wt % Mo and is prepared by powder metallurgy). The nominal recrystallization temperatures for MHC and TZM alloys are 1550 and 1400 • C as specified by the manufacturer Plansee Inc. Over the timescales used in experimental petrology, however, recrystallization is known to start to cause problems by weak- Figure 8 . The time-dependent variation of H 2 pressure in the same MHC pressure vessel assembly in two runs at T = 1100 • C conducted with a 14-month time gap in between. It is apparent that the hydrogen permeability of the MHC alloy did not change significantly due to aging of the vessel.
ening the alloy around 1100 • C in the case of TZM and likely around 1250 • C in the case of MHC alloy (Williams, 1968; Raffo, 1968 Raffo, , 1969 Leitner et al., 2018) . Therefore, we suggest that hydrogen permeability through vessels frequently exposed to such temperatures should be tested regularly if the method proposed here is used to impose f O 2 .
Evaluation of the success of our method to constrain f O 2 in MHC pressure vessel experiments
The zero-time intercept of the f O 2 trends from the time series experiments and the measured f O 2 in the experiments conducted at random conditions corrected for the timedependent f O 2 increase are consistent within 0.3 log units with the initial f O 2 predicted using the method described in Sect. 2.3 (Figs. 7, 9;  Table 2 ). The measured f O 2 values in experiments at random conditions were corrected for the loss of H 2 from the pressure medium during the experiment using the permeability constant equation from this study to obtain the initial f O 2 in the experiments. The slight discrepancies in the predicted and calculated f O 2 values may be a result of any imperfection in the equation of states used for the gases, a small error on the equilibrium constant of the water decomposition reaction at run conditions and/or the thermodynamic model describing the activity of Co in the CoPd alloy that was used for the calibration of the CoPd redox sensor.
Considering the rather small difference between the predicted and measured f O 2 values (< 0.3 log units), the method proposed here for admixing H 2 into the Ar pressure medium to impose desired f O 2 at run conditions in CSPV experiments can be considered reliable.
Considering the rate of f O 2 increase in the experiments, Eq. (3) along with the A and B parameters determined in this study to describe the k value of the MHC alloy as a function of T (Eq. 4) allows the estimation of the theoretical rate of f H 2 decrease in the pressure medium of the high-pressure experiments and thus the rate of f O 2 increase at water saturation in the redox sensor capsules. The such-predicted rates of f O 2 increase are 0.18, 0.35 and 0.72 log units per day at 900, 1000 and 1100 • C, respectively. Thus, the theoretical predictions are consistent with the observed rates at 1000 • C (0.35 vs. 0.36 log units per day) and 1100 • C (0.72 vs. 0.82 log units per day), but slower than the predicted rate at 900 • C (0.18 vs. 0.43 log units per day). We propose that the consistency of the predicted and observed values at 1000 and 1100 • C verifies our approach of obtaining hydrogen permeability constant for the MHC alloy. The most likely explanation for the mismatch at 900 • C is that the sensor required more time to fully equilibrate with the pressure medium at this lower T . This would be consistent with the slightly more heterogeneous alloy composition in the 6 h run at 900 • C and the drop in the measured rate of f O 2 increase with the progression of time at 900 • C (Fig. 8, Table 1 ). 
Comparison to previous studies
To our knowledge, the only study that systematically investigated f O 2 in MHC or TZM pressure vessel experiments using gas mixtures in the pressure medium is that by Shea and Hammer (2013) . This study has reached seemingly contradictory conclusions compared to those of this study. They reported an approximately 1.5 log units per day increase in f O 2 at a H 2 O =1 and T = 1010 • C. This is an approxi-mately 4 times faster rate than our results suggest and makes a very significant difference for experimental petrology applications. However, there is an important difference between the experimental setup applied by Shea and Hammer (2013) and this study. The former used filler rods in the vessels, whereas we did not apply any filler rods in this study. The use of filler rods effectively reduces the volume and thus mass of hydrogen in the vessel, but at the same time it does not affect the rate of hydrogen loss. This is because the fit between the filler rod and the inner wall of the vessel cannot be tight enough to prevent hydrogen from wetting the entire inner wall surface of the vessel. The consequence of reduced initial total mass at equal rate of mass loss is a more rapid relative change in f H 2 inside the vessel. Indeed, the increase in the rate of f H 2 change should be linearly proportional to the factor of volume (thus H 2 mass) reduction by the filler rod. Shea and Hammer (2013) reported that they used graphite filler rods in their experiments but did not specify the dimensions of the filler rod. However, as shown in Fig. 10 , a 76 relative % volume reduction relative to our setup would explain the rate of f O 2 increase observed by Shea and Hammer (2013) . This volume reduction of a 6.35 mm inner diameter vessel would require a filler rod with 5.5 mm diameter (ignoring the volume of the capsule), which is about the size one would expect to be used. Of course, other factors, such as the temperature profile through the vessel and the absence or presence of cold-steel vessel extension may also play a significant role. Also, note that Shea and Hammer (2013) mixed methane instead of hydrogen into the Ar pressure medium. This, however, does not cause any meaningful difference as methane breaks down to carbon and hydrogen at high temperatures. In our experience, it is more practical to use hydrogen because the carbon produced during the breakdown of methane typically makes the capsule stick to the wall of the vessel jeopardizing rapid quenching by the dropping of the capsule.
Transferability of the results and other practical considerations
To illustrate the above discussed effect of the free internal volume of the vessel assembly, we modeled the rate of f O 2 change in a water-saturated experiment run in MHC vessels of various designs with or without the use of filler rods at T = 1000 • C. As shown in Fig. 10 , the use of the design applied in this study ("present setup") is the most advantageous for maintaining relatively constant f O 2 . This is due to the fact that the inner volume of the vessel is increased by the cold-steel vessel extension and the elimination of the need for filler rod due to the fact that the vessel is subhorizontal during the run and the quenching of the capsule is achieved by dropping it into the cold extension by rotating the vessel to vertical position. An alternative design used in the community is an MHC or TZM vessel without steel extension. In such vessels of re-duced length, if no filler rod is used, log f O 2 will increase about 2.4 times faster than in our design assuming similar temperature profile along the vessel length. As pointed out above, the worst possible scenario is when a filler rod is employed, as this will greatly reduce the mass of hydrogen gas in the vessel. If a filler rod is required to hold the capsule in place, we recommend using a tube instead of a rod to minimize its effective volume. Though our experimental setup is quite advantageous for the purpose, it could be further improved by increasing the inner volume of the steel extension. This could most easily be done by further increasing its length. As a side note, based on the same logic, potential leaks at the cold seal will also cause slower pressure drop if the internal volume of the vessel is maximized. This is an additional advantage of the proposed setup. The single but important disadvantage of maximizing the inner volume of the vessel is the increased size of the explosion if the vessel happens to fail catastrophically. This should be kept in mind, and appropriate safety measures should be taken. In our apparatus, the furnace is designed to contain an explosion and the user stands behind a 5 mm thick polycarbonate window while rotating the assembly for quenching. In addition, a 30 cm diameter stainless-steel half tube with 2 mm wall thickness (on top) and a 6.35 mm thick aluminum alloy plate (on bottom) separates the user from the vessel while it is being pulled out of the heated furnace after quenching, and the user wears full protective equipment, including a heavy fire-resistant lab coat, a Kevlar apron, sturdy high-temperature gloves, and a thick polycarbonate face shield over safety glasses. Also, all MHC vessels that are used with hydrogen are limited to 2100 bar maximum pressure.
Implications
The method presented here can be used to control f O 2 in many different types of high-pressure experiments up to P ∼ 3000 bar and T ∼ 1200 • C, which are the upper limits imposed by the high-temperature strength of the MHC alloy. It allows imposing any f O 2 in between those of the Co-CoO and the Re-ReO 2 buffers. Outside this range, lower H 2 pressures are difficult to achieve and higher H 2 pressures are not advisable in terms of safety.
The control of f O 2 is important for most igneous phase equilibrium experiments investigating Fe-bearing systems because the valence state of iron is a function of f O 2 in various phases in the magma (e.g., silicate melt, silicate and oxide minerals; e.g., Osborn, 1959; Kress and Carmichael, 1991; Toplis and Carroll, 1995) . Consequently, mineral phase stabilities and compositions as well as the liquid line of descent of magmas can be profoundly influenced by f O 2 (Luth and Canil, 1993; McCanta et al., 2004; Toplis and Carroll, 1995) . For example, the elevated f O 2 typical of arc magmas is one of the critical parameters that give rise to calc-alkaline rather than tholeiitic differentiation trends in arc settings (Berndt et al., 2005; Grove et al., 2003; Tatsumi and Suzuki, 2009) . Beyond regular phase equilibrium experiments, flexible control of f O 2 can particularly be useful in experiments investigating the partitioning behavior of heterovalent trace elements between minerals and melts, which is increasingly being used to constrain the f O 2 of natural systems (Arató and Audétat, 2017; Burnham and Berry, 2012; Salters et al., 2002; Shishkina et al., 2018; Wilke and Behrens, 1999) . Many of such calibrations currently rely on experiments conducted at relatively high-T and anhydrous conditions in atmospheric-pressure controlledatmosphere furnaces, which provide the most flexible and accurate redox control in experiments up to date (Burnham and Berry, 2012; Klemme et al., 2005; Smythe and Brenan, 2015) . As many natural systems are hydrous and exhibit lower liquidus and solidus T , conducting similar experiments at hydrous conditions is essential. For conducting such experiments, the method proposed here provides an alternative to experimentation in IHPV equipped with a Shaw membrane, a technique that is being applied only in a few laboratories worldwide (e.g., Schmidt et al., 1997; Scaillet and Evans, 1999; Gaillard et al., 2001; Botcharnikov et al., 2005; Klimm et al., 2012a; Pichavant et al., 2016 ). An additional application area where flexible f O 2 control is critically important is the investigation of the solubility of metals in silicate melts and magmatic fluids because these will always be f O 2 dependent as most dissolution reactions involve the oxidation of the metal (Bell et al., 2011; Brenan et al., 2016; Guo et al., 2018; Sullivan et al., 2018; Zajacz et al., 2010 Zajacz et al., , 2011 Zajacz et al., , 2012a Zajacz et al., , 2013 . Sulfur is a constituent of important ligands that form complexes with ore-forming metals, and it goes through a very sharp redox transition from S 2− to S 6+ oxidation state exactly in the characteristic f O 2 range of arc magmas (Jugo et al., 2005 (Jugo et al., , 2010 Klimm et al., 2012b; Richards, 2014) . Much of this f O 2 range falls between that of the neighboring Ni-NiO and Re-ReO 2 redox buffers and thus cannot be addressed by the conventional double capsule -redox buffer technique. Thus, the method proposed here can be particularly beneficial for experiments addressing the geochemical behavior of S-complexed metals and S itself. Though the decrease of f O 2 due to diffusive hydrogen loss from the pressure vessel poses limitation on the run duration of the experiments, several phase equilibrium, metal solubility and partitioning studies have demonstrated the attainment of equilibrium within run durations that would have yielded less than 1 log unit, and often even less than 0.5 log unit increase in f O 2 from the starting value if the method proposed here had been employed to impose f O 2 (Arató and Audétat, 2017; Bell et al., 2011; Berndt et al., 2005; Dann et al., 2001; Gaetani et al., 1994; Grove et al., 2003; Hammer et al., 2002; Moore and Carmichael, 1998; Parman et al., 1997; Shishkina et al., 2018; Simon et al., 2004; Sisson and Grove, 1993; Skora et al., 2015; Szramek et al., 2006; Wilke and Behrens, 1999; Yin and Zajacz, 2018; Zajacz et al., 2012c Zajacz et al., , 2012a . Therefore, we believe that our method can be beneficial for many experimental studies in the future.
Conclusion
The method proposed in this paper to impose f O 2 in MHC pressure vessel experiments with hydrous capsule loads was shown to be accurate within 0.3 log units using redox sensor experiments for the P -T range of 960-2060 bar and 800-1100 • C. The only shortcoming of the method is the increase of f O 2 with time caused by diffusive hydrogen loss through the pressure vessel walls; however, the rate of f O 2 increase can be precisely quantified by using our results for any MHC vessel configuration. Based on published studies, it appears that our method would allow maintaining a target f O 2 within 0.5-1.0 log units in the timeframe required for the achievement of equilibrium in many different types of experiments where the control of f O 2 is of critical importance.
